Abstract. We previously demonstrated that liposomeincorporated antisense oligodeoxynucleotide specific for the grb2 mRNA (L-Grb2) inhibited Grb2 protein expression and the proliferation of bcr-abl-positive leukemia cell lines. To determine whether L-Grb2 has the potential of being a therapeutic modality against bcr-abl-positive leukemia, we studied the tissue distribution of L-Grb2 in normal mice before studying its effects in mice bearing bcr-abl-positive leukemia xenografts. L-Grb2 was widely distributed in the body. The highest tissue concentrations of L-Grb2 were found in the spleen and liver, which are the organs where the tumor mass of bcr-abl-positive leukemia is mainly found. At 4 h postinjection, the amount of L-Grb2 detected per g of tissue was 64 μg in spleen and 50 μg in liver. Intravenous injection of bcr-abl-positive 32D mouse leukemia cells into radiated NOD/ scid mice caused a lethal leukemia syndrome; we determined whether L-Grb2 could prolong the survival of mice bearing such xenografts. One day after leukemia cell inoculation, mice received twice weekly intravenous injections of L-Grb2. At an injection dose of 15 mg of L-Grb2 per kg of mouse body weight, 80% of mice treated with L-Grb2 survived to 48 days (end of study) whereas 0% of mice treated with the same dose of liposomal control oligonucleotide survived; the mean survival duration of these groups was 44 and 20 days, respectively. Our data indicate that L-Grb2 prolonged the survival of mice bearing bcr-abl-positive leukemia xenografts. L-Grb2 may be used as a novel cancer therapeutic modality.
Introduction
Growth factor receptor bound protein-2 (Grb2) is an adaptor protein that is well conserved among numerous species. Grb2 consists of one Src homology 2 (SH2) domain flanked by two Src homology 3 (SH3) domains (1) (2) (3) (4) . The main function of Grb2 is to link activated tyrosine kinases to Ras activation (5) (6) (7) . Grb2 uses its SH2 domain to bind to phosphotyrosine residues in activated tyrosine kinases (3, 4, (8) (9) (10) (11) and uses its SH3 domains to bind to proteins with proline-rich motifs, such as the Son of Sevenless guanine nucleotide exchange factor (3, (12) (13) (14) . Besides the guanine nucleotide exchange factors, Grb2 has been demonstrated to use its SH3 domain to bind to other proline-rich containing proteins, including protein kinase A, phosphatidylinositol 3-kinase, and phospholipase C-γ (15) (16) (17) . The activities of Ras, protein kinase A, phosphatidylinositol 3-kinase, and phospholipase C-γ are known to be important for diseases like cancer. These findings strongly indicate that Grb2 plays an essential role in cancer cell signaling. Suppressing the function or expression of Grb2 should interrupt its vital signaling function and may have a therapeutic application in cancer.
Previously we showed that liposomes could enhance the cellular uptake of oligos, including that of the P-ethoxy oligo which is a nuclease-resistant, hydrophobic analog of phosphodiesters (18) . P-ethoxy oligo was used because it could be incorporated into liposomes at >95% efficiency. We showed that liposome-incorporated P-ethoxy antisense oligo specific for the grb2 mRNA (L-Grb2) selectively inhibited the expression of Grb2 protein and the proliferation of bcrabl-positive leukemia cell lines. Here we determined whether L-Grb2 may be used as a novel therapeutic modality against bcr-abl-positive leukemia. We studied the pharmacokinetics, the tissue distribution, and the safety of L-Grb2 in normal rodents. We also studied the effects of L-Grb2 on the survival of mice bearing bcr-abl-positive leukemia xenografts.
Materials and methods
Animals, lipids and P-ethoxy oligo. Lewis rats weighing approximately 400 g and ICR mice weighing 25-30 g were obtained from Harlan Sprague Dawley (Indianapolis, IN, USA). DOPC lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA). P-ethoxy oligos were purchased from Oligos Etc. (Wilsonville, OR, USA). We previously demonstrated that the Grb2 antisense oligo: 5'-ATATTTGGC GATGGCTTC-3' inhibited Grb2 protein expression, whereas the control oligo: 5'-TCGCCACTCGATCCTGCCCG-3' did not (19) (20) (21) .
Labeling of Grb2 oligos with [γ
32 P] ATP. Grb2 antisense oligo was labeled overnight at 37˚C with [γ 32 P] ATP at the 5' end by T4 polynucleotide kinase similar to that previously described (22, 23) . A final 25% of DMSO (v/v) was included in the labeling reaction to ensure that P-ethoxy oligo remained soluble during the labeling reactions. After the labeling reaction was carried out, oligo was twice filtered through a Microcon-3 filter (Amicon, Beverly, MA, USA) to separate the labeled oligo from free [γ 32 P] ATP. Typically, 99% of the radiolabel was associated with the Grb2 oligo.
Preparation of liposomal oligo. Grb2 antisense or control oligo was incorporated into liposomes composed of DOPC as previously described (22, 23) . For tissue distribution studies, 32 P-labeled Grb2 antisense oligo was incorporated into liposomes instead. Liposomal oligo was reconstituted with 0.9% saline at a final oligo concentration of 40 mg/ml. The mean diameter of the liposomes was ≤0.9 μm (Nicomp Laser Subparticle Sizer, Santa Monica, CA, USA). The incorporation of P-ethoxy oligo into liposomes was 95%.
Extraction of
32 P-labeled L-Grb2 from whole blood and tissues. 32 P-labeled L-Grb2 was extracted from whole blood and tissue samples as described (22, 23) . Blood and tissue samples were pretreated and decolorized with hyamine hydroxide and H 2 O 2 according to the manufacturer's protocol (ICN, Costa Mesa, CA, USA). The amount of 32 P associated with the samples was then counted by liquid scintillation.
Pharmacokinetics. Lewis rats were anesthetized with sodium thiopental (intraperitoneal injection of 35 mg per kg of rat body weight). The right femoral artery and left femoral vein were surgically exposed and cannulated. Rats were injected intravenously with 10 mg L-Grb2 per kg rat body weight, which is in equivalent to 20 mg L-Grb2 per kg mouse body weight (24) . Arterial blood samples of approximately 0.3 ml each were withdrawn at 5, 10, 20, 30, 60, 90, 120, 180 , and 240 min after injection. After each withdrawal, the catheter was flushed with sodium heparin 1:1000 (units/ml). An aliquot of the injected dose was maintained as a control sample. Whole blood samples were extracted and assayed for 32 P radioactivity by liquid scintillation. Pharmacokinetic parameters were determined by nonlinear regression analysis (Rstrip; Micro Math, Inc., Salt Lake City, UT, USA). The data were best fit to a two-compartment model:
C t = Ae -αt + Be -ßt where C t equals concentration at time t, A, and B are the yaxis intercepts, α and ß are the constants for distribution and elimination, respectively, and t is time. T 1/2α and t 1/2ß were calculated from ln 2/α and ln 2/ß, respectively. C 0 was calculated from the above equation at time zero; therefore, C 0 equals A + B. Vd was calculated as the ratio of initial dose to C 0 .
Tissue distribution studies. For tissue distribution studies, 20 mice were used and divided into four groups of five mice each. The control group was not injected; mice in the other three groups each received a single injection of 20 mg 32 P-labeled L-Grb2/kg mouse body weight via the tail vein. Mice were then sacrificed by CO 2 inhalation at 4, 24 or 48 h post-injection. Organs were dissected and tissue samples (50-100 mg) from each organ were weighed and processed before 32 P radioactivity was counted in a scintillation counter (22, 23) . Results are expressed as mean μg L-Grb2/g mouse tissue.
Safety studies. Groups of 5 mice received a single injection of L-Grb2 via the tail vein, while groups of 8 mice received multiple injections of L-Grb2. For single dose studies, mice received 0, 15, 20, 30, or 40 mg L-Grb2/kg mouse body weight. In multiple dose studies, mice received a daily single dose of L-Grb2 (0, 15, or 25 mg L-Grb2/kg mouse body weight) for five consecutive days (for a total of 0, 75, or 125 mg L-Grb2/kg mouse body weight). Blood samples, by performing eye bleeds at 2 and 6 weeks post-injection, were analyzed for hematologic parameters, and for renal and hepatic functions. Hematological parameters include RBC counts, hemoglobin, hematocrit, platelet counts, and WBC counts. Creatinine and BUN assays were used to evaluate renal functions. SGOT and alkaline phosphatase assays were performed to test for hepatic functions. After the blood samples were collected at 6 weeks postinjection, the mice were sacrificed by CO 2 inhalation and necropsies were performed. Heart, lungs, kidneys, spleen, liver and femurs (for bone marrow) were removed from each mouse and fixed by immersion in 10% neutral buffered formalin (Fisher Scientific, Houston, TX, USA) immediately after autopsy. Specimens were processed for embedding in paraffin blocks, and sections (2-4 μm) were cut and stained with hematoxylin and eosin by the Department of Veterinary Medicine, M.D. Anderson Cancer Center.
Efficacy studies. 32D murine leukemia cells stably expressing the bcr-abl gene were used (25) . NOD/scid mice (kindly provided by L. Schulz, Jackson Laboratories) were bred and maintained under specific pathogen-free conditions in the Barrier Facility within the Center for Comparative Medicine at Baylor College of Medicine. The animal experiments were approved by the Animal Care Committee of the Baylor College of Medicine. bcr-abl-positive 32D leukemia cells were inoculated into NOD/scid mice as described (25) . Six-to eightweek-old mice were sub-lethally irradiated with 250 cGy from a 137Cs source (Nordion, Gammacell 40 at approximately 100 cGy per minute) immediately before tail vein injection of 1x10 6 bcr-abl-positive 32D murine leukemia cells. One day after leukemia cell inoculation, mice received twice weekly injections of liposomal oligos via the tail vein. Mice were observed daily for moribundity/morbidity for up to 48 days. Moribund mice were euthanized by CO 2 inhalation. In the first experiment, 5 mice were injected with a dose of 15 mg L-Grb2/kg mouse body weight, while 6 mice were injected with an equivalent dose of DOPC (41 mg DOPC/kg mouse body weight). In the second experiment, mice (5 mice per group) were injected with 5, 10 or 15 mg L-Grb2/kg mouse body weight, or with 15 mg liposomal control oligo/kg mouse body weight.
Statistical analysis. Statistical analysis at a p-value of 0.05 was performed according to the methods in Numerical Recipes in FORTRAN: The Art of Scientific Computing. A p-value of <0.05 was considered statistically significant.
Results
Pharmacokinetics. The clearance of L-Grb2 from plasma closely fit a two-compartment mathematical model (correlation r 2 >0.98). The initial distribution phase occurred over the first 6 min after injection (t 1/2α = 5.16±0.3 min; Table I ). The terminal phase half-life (t 1/2ß ) was 225.6±13.2 min. The immediate apparent volume of distribution (36.42±1.88 ml) was higher than the total blood volume for rats of this size, suggesting that L-Grb2 was distributed widely within the body of the rat.
Tissue distribution. L-Grb2 was detected in all the organs examined: spleen, liver, kidneys, heart, lungs, stomach, and bone marrow. At all time points measured (4, 24, and 48 h), the highest tissue concentrations of L-Grb2 were detected in the spleen, followed by the liver and kidney (Table II) . At 4 h post-injection, the amount of L-Grb2 detected per g of tissues was 64 μg in spleen, 50 μg in liver, 34 μg in kidney, and between 12-34 μg in other tissues. The amount of L-Grb2 decreased over time in the various organs examined. By 24 h, the amount of L-Grb2 in spleen, liver and kidney had decreased to 20-30 μg/g tissues, as compared to 7-18 μg/g tissues in the other organs. A much lower amount of L-Grb2 (~0.4 μg in two femurs) was detected in the bone marrow, where it remained relatively constant at all three time points.
Safety studies. Since Grb2 is a ubiquitously expressed protein, inhibition of Grb2 expression by L-Grb2 could cause toxic effects. Thus, we determined the L-Grb2 doses that could be safely administered to mice. We followed the guidelines of the Food and Drug Administration to study the acute and the chronic toxic effects of L-Grb2 in normal mice. The acute and chronic toxicity studies were determined 2 and 6 weeks post-injection, respectively. At all L-Grb2 doses tested, no evidence of toxicity was observed in the biochemical tests of renal and hepatic functions performed on blood samples collected 2 or 6 weeks post- Table I . Single dose pharmacokinetics of L-Grb2 in Lewis rats. 
, maximum concentration at time 0; Vd, volume of distribution; AUC, area under the concentration curve; rt, residence time. 
Five ICR mice per group were used. b L-Grb2 was expressed as means ± SD. c Two femurs were used.
- (Tables III and IV) , nor did L-Grb2 affect the production of RBC, hemoglobin, hematocrit or platelets (Tables V and VI ).
In the single dose studies, when mice received an L-Grb2 dose of 15 or 20 mg/kg body weight, their WBC counts were similar to those of untreated mice (Table V) . L-Grb2 doses of 30 or 40 mg/kg body weight resulted in lower WBC counts at 2 weeks post-injection (Table V) . At 6 weeks post-injection, the WBC counts in mice that received 30 mg L-Grb2/kg body weight returned to normal. The WBC counts of mice that received 40 mg L-Grb2/kg body weight remained approximately 30% lower than the levels of untreated mice (Table V) . However, these decreased WBC counts were not statistically different from those of untreated mice (p=0.31).
In the multiple dose studies, mice that received L-Grb2 had WBC counts that were approximately 40% lower than those of control untreated mice. The lower values for WBC counts occurred as early as 2 weeks post-injection and persisted till 6 weeks post-injection (Table VI) . The WBC counts in mice that received a total dose of 75 mg L-Grb2/kg body weight were statistically significant from those of untreated mice both at 2 and 6 weeks post-injection; p=0.002, and 0.009, respectively. Similarly, the WBC counts in mice treated with 125 mg L-Grb2/kg body weight were also statistically significant from those of untreated mice at 2 weeks (p=0.0007) and 6 weeks post-injection (p=0.018). When the differential WBC counts were examined, the percent of lymphocytes, monocytes and segmented cells was very similar between Table III . A single intravenous dose of L-Grb2 did not impair renal and hepatic functions in ICR mice. 
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a Five ICR mice per group were used. All functions were expressed as mean values ± SD. BUN, blood urea nitrogen; SGOT, serum glutamicoxaloacetic transaminase.
-----------------------------------------------------------------------------------------------------Table IV. Multiple intravenous doses of L-Grb2 did not impair renal and hepatic functions in ICR mice. a -----------------------------------------------------------------------------------------------------Oligo dose
Lipid dose Creatinine BUN SGOT Alkaline phosphatase (mg/kg) (mg/kg) (mg/dl) (mg/dl) ( 
IU/l) (IU/l) -----------------------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------------------
a Eight ICR mice per group were used. All parameters and functions were expressed as mean values ± SD. BUN, blood urea nitrogen; SGOT, serum glutamic-oxaloacetic transaminase.
that of treated and untreated mice (data not shown), suggesting that L-Grb2 reduced the overall number of WBC, but not a specific subpopulation.
Neither single nor multiple administrations of L-Grb2 induced any microscopic lesions or morphological changes in the examined tissues, including the bone marrow (data not shown). Incidental lesions, which are a normal occurrence for this strain of mice, were observed in occasional mice from both treated and untreated groups. These incidental lesions included lymphoid hyperplasia in the spleen, hyperplasia of various lymph nodes, myeloid hyperplasia in the red pulp of the spleen, and multi-focal tubulointerstitial nephritis.
Efficacy studies. In the first study, we determined the effects of L-Grb2 and empty DOPC liposomes (no oligo) on the survival of mice bearing the bcr-abl-positive 32D leukemia xenografts. After tumor inoculation, mice were randomly assigned to the L-Grb2 and the empty liposome groups. L-Grb2 was given at Table V . Effects of a single intravenous dose of L-Grb2 on the hematological parameters in ICR mice. 
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/μl) -----------------------------------------------------------------------------------------------------
Five ICR mice per group were used. All parameters and functions were expressed as mean values ± SD. RBC, red blood cells; WBC, white blood cells. b The number of WBC in mice treated with 40 mg L-Grb2/kg body weight was not statistically different to that of untreated mice at 6 weeks postinjection (p=0.31).
- Table VI . Effects of multiple intravenous doses of L-Grb2 on the hematological parameters in ICR mice. 
a Eight ICR mice per group were used. All parameters and functions were expressed as mean values ± SD. RBC, red blood cells; WBC, white blood cells. b The number of WBC in mice treated with 5x15 mg L-Grb2/kg body weight was statistically lower than that of untreated mice at 2 weeks post-injection (p=0.002).
c The number of WBC in mice treated with 5x25 mg L-Grb2/kg body weight was statistically lower than that of untreated mice at 2 weeks post-injection (p=0.0007).
d The number of WBC in mice treated with 5x15 mg L-Grb2/kg body weight was statistically lower than that of untreated mice at 6 weeks post-injection (p=0.009).
e The number of WBC in mice treated with 5x25 mg L-Grb2/kg body weight was statistically lower than that of untreated mice at 6 weeks post-injection (p=0.018).
an injection dose of 15 mg/kg mouse body weight, and empty liposomes were given at an equivalent dose (41 mg/kg mouse body weight). Mice were observed daily for moribundity/ morbidity. The survival time of these mice after intravenous inoculation of the bcr-abl-positive cells varies between 15 and 25 days, and is dependent on the level of bcr-abl expression (25) . All surviving mice were euthanized on day 40. In the group treated with empty liposome, mice started to die on day 17 (Fig. 1A) . By day 40, only 1 mouse from that group survived (Fig. 1A) . In the group treated with L-Grb2, 1 mouse died during injection on day 10, and 1 mouse died on day 28; all 3 remaining mice survived to day 40 (Fig. 1A) . The mean survival duration of mice treated with L-Grb2 was 31.6±13.1 days, and the mean survival of mice treated with empty liposome was 23.7±8.3 days (Fig. 1A) .
In the second study, we compared the effects of L-Grb2 and liposomal control oligo on the survival of mice bearing the bcr-abl-positive 32D leukemia xenografts. After tumor inoculation, mice were randomly assigned to be injected with L-Grb2 or liposomal control oligo. Similar to the first study, liposomal oligo injections were given twice weekly. L-Grb2 was given at a dose of 5, 10, or 15 mg/kg mouse body weight, whereas liposomal control oligo was given at a dose of 15 mg/ kg mouse body weight. At a dose level of 15 mg/kg mouse body weight, 80% of mice treated with L-Grb2 survived to 48 days (end of study), compared to 0% of mice treated with the same dose of liposomal control oligo (Fig. 1B) ; in these groups, the mean survival duration was 44.2±8.5 versus 20.4±7.9 days, respectively. The mean survival duration of mice treated with 5 mg L-Grb2/kg mouse body weight was 20.8±4.7 days, whereas the mean survival duration of mice treated with 10 mg L-Grb2/kg mouse body weight was 22.2±8.7 days, respectively (Fig. 1B) . These data indicate that L-Grb2 could increase the survival of mice bearing bcrabl-positive leukemia xenografts.
Discussion
Intravenous injection of NOD/scid mice preconditioned by sub-lethal radiation with bcr-abl-positive 32D mouse cells was demonstrated to cause a lethal leukemia syndrome involving marrow and spleen tissues (25) . Pathology studies of spleen and marrow revealed that bcr-abl-positive 32D cells induced vigorous infiltration of tumor cells into spleen and marrow (25) . The survival time of these mice after intravenous inoculation of the bcr-abl-positive 32D cells varies between 15 and 25 days (25) . Using this animal model, we showed in two separate experiments that L-Grb2, administered twice weekly at 15 mg/ kg body weight, increased the survival of mice bearing the bcr-abl-positive 32D leukemia xenografts; the survival of such mice ranged between 32 to 44 days. The enhancement in mouse survival was specific to L-Grb2 as equivalent doses of control empty liposome and liposomal control oligo did not increase mouse survival.
The availability of L-Grb2 to tissues infiltrated with leukemia such as the spleen and the bone marrow most likely contributed to its anti-leukemic effect. Four hours after a single injection dose of 20 mg L-Grb2/kg mouse body weight (which is equivalent to 500 μg L-Grb2 in a 25-g mouse), 6.4 μg L-Grb2 was found in the spleen (which is approximately A B Figure 1 . L-Grb2 prolonged the survival of mice bearing bcr-abl-positive 32D leukemia xenografts. Six-to eight-week-old NOD/scid mice were sub-lethally irradiated immediately before tail vein injection of 1x10 6 bcr-abl-positive 32D murine leukemia cells. (A) One day after leukemia cell inoculation, mice were divided into two groups. One group of mice (5 mice) was injected intravenously with a dose of 15 mg L-Grb2/kg mouse body weight twice weekly. The other group of mice (6 mice) was injected with an equivalent dose of DOPC (41 mg DOPC/kg mouse body weight) twice weekly. Mice were observed daily for moribundity/morbidity for up to 40 days. Moribund mice were euthanized by CO 2 inhalation. (B) One day after leukemia cell inoculation, mice were divided into four groups. Mice (5 mice per group) were intravenously injected twice weekly with 5, 10 or 15 mg L-Grb2/kg mouse body weight, or with 15 mg liposomal control oligo/kg mouse body weight. Mice were observed daily for moribundity/morbidity for up to 48 days. Moribund mice were euthanized by CO 2 inhalation. 0.1 g for a 25-g mouse). This high dose of accumulation approximates 1.3% of the injected L-Grb2 dose. The level of L-Grb2 remained constant over the 48-h period of study. This long half-life of L-Grb2 could allow L-Grb2 to have a significant effect in the marrow even though a much lower amount of L-Grb2 was detected in the marrow.
The tissue distribution, pharmacokinetics, and safety data of L-Grb2 were very similar to those of other liposomeincorporated P-ethoxy oligo that we had previously investigated (22, 23) . L-Grb2 was distributed widely in the body. The area under the curve of L-Grb2 reflects a two-compartment model of distribution with a biphasic plasma clearance. At all the doses tested, L-Grb2 did not induce any changes in the biochemical functions of the kidney and the liver. L-Grb2 also did not induce any changes in the hematological parameters. However, mice that received a total of at least 75 mg L-Grb2/ kg body weight, had approximately 40% lower WBC counts than those of untreated mice. We do not believe that this abnormality is attributable to the DOPC lipid or the P-ethoxy oligo that make up L-Grb2. This is because previously when we administered similar doses of liposome-incorporated Pethoxy antisense oligo targeting either the bcr-abl or the bcl-2 mRNA in the same strain of mice, no WBC reduction or other adverse effect was observed (22, 23) .
Since histopathologic examination did not show any morphological changes in the bone marrow, we speculate that L-Grb2 disrupted signaling pathways that are crucial in maintaining WBC homeostasis. This may be because Grb2 is critical for Ras signaling, which was found to be vital for the formation of granulocyte/macrophage colonies isolated from human marrow cells. L-Grb2 did not inhibit RBC production, probably because the proliferation and differentiation of RBC progenitors is independent of Grb2 (28). We did not observe any effects of L-Grb2 on platelet production. This finding is in contrast with that of Skorski et al (29) , who showed that inhibition of Ras expression decreased the formation of megakaryocytic colonies. It appears that inhibition of Grb2 may induce similar or less adverse events than inhibition of Ras. The phase I clinical trial of a Ras antisense oligo showed that it was well tolerated with minimal side effects (30) . So we expect L-Grb2 to be well tolerated as well.
In summary, we report the novel findings that L-Grb2 prolonged the survival of mice bearing bcr-abl-positive 32D leukemia xenografts. L-Grb2 could be used as a novel cancer therapeutic modality.
